Abstract: Repeated pruning of stock plants is a common approach to delaying maturation and maintaining the propagation ability of cuttings, but little is known about the hormonal or anatomical basis for this phenomenon. We tested the effect of two different stock-plant pruning heights (15 cm and 30 cm) on shoot production, rooting capacity and rooted cutting vigour of six clones of the eucalypt Corymbia torelliana × C. citriodora. We determined whether differences in rooting potential were related to indole-3-acetic (IAA) and abscisic acid (ABA) concentrations, or the degree of lignification or sclerification, of the cuttings. Maintaining stock plants at 15 cm height sometimes reduced the production of stem cuttings. However, it often increased the ensuing percentage of cuttings that formed roots, with mean rooting across all clones increasing from 30%-53%. Therefore, the number of rooted cuttings produced by short stock plants was similar to, or higher than, the number produced by tall stock plants. Cuttings from shorter stock plants had faster root elongation and occasionally greater root dry mass, shoot dry mass or shoot height than cuttings from tall stock plants. These differences in rooting potential were generally not related to differences in IAA or ABA concentrations of the cuttings or to differences in their stem anatomy. Pruning at the lower height was more effective in maintaining clonal juvenility, supporting previous
Introduction
Clonal forestry comprises the process of clonal timber production from candidate plus-tree selection, germplasm capture and clonal field testing through to clonal tree propagation, plantation establishment and site management [1] . Clonal tree propagation, as part of a clonal forestry program, aims to maximize productivity, quality and uniformity in plantations by capturing the total genetic variance [2, 3] . However, maturation of clonal stock plants can limit the adventitious rooting of cuttings and reduce the subsequent growth of plantation trees [4] [5] [6] . Maturation-related loss of rooting competence is a major limiting factor in woody plant propagation [7, 8] and, consequently, in the establishment of clonal forestry plantations.
Clonal selection typically occurs when trees are approaching their mature phase, and so efficient clonal propagation relies on the ability to produce rejuvenated stock plants of the selected clones or to maintain clonal archives of juvenile stock plants throughout the period of clonal field testing [9, 10] . One of the most common strategies to maintain juvenility and delay maturation is to repeatedly prune the stock plants, or serially propagate cuttings from the stock plants, at a low height [1, 11, 12] . Even then, propagation ability within clones can vary because of maturation-or morphologically-related topophysic effects; i.e., positional effects within the stock plant on the subsequent rooting and growth of cuttings [2, 5] . Topophysic effects can occur at very fine scales; e.g., rooting capacity of cuttings varies from the first to the fifteenth node of Eucalyptus grandis W.Hill seedlings [13] and rooting capacity of in vitro shoots varies from the first to the fifth node of Corymbia torelliana (F. [14] .
The hormone, indole-3-acetic acid (IAA), is involved in regulating many aspects of plant development from embryogenesis to senescence, and is one of the most important hormones involved in root initiation [15, 16] . Another hormone, abscisic acid (ABA), affects root elongation, lateral root formation [17] and the biosynthesis and activity of IAA [18] . IAA and ABA may interact in regulating rooting potential [19] . However, we have demonstrated recently that topophysic effects during the rooting and vigour of C. torelliana × C. citriodora cuttings are related to the degree of lignification and sclerification of the stem rather than the concentrations of IAA or ABA in the cuttings [20] . That research compared dual-node cuttings from the first 10 nodes of juvenile seedlings (i.e., ortets). However, cuttings are normally harvested from larger stock plants that have been raised from cuttings (i.e., ramets). Stock plants of Eucalyptus and Corymbia in Australia are often maintained by pruning at ~30-cm height [21] [22] [23] [24] whereas eucalypt nurseries in Brazil use shorter stock plants to maintain clonal juvenility [1, 2, [25] [26] [27] [28] .
In this study, we compared the production, rooting and vigour of cuttings from C. torelliana × C. citriodora ramet stock plants that were maintained at two different heights (15 cm and 30 cm). We assessed whether differences in propagation potential were related to differences in IAA and ABA concentrations or stem anatomy. An understanding of the extent of maturation effects in eucalypt stock plants, and their underlying hormonal or anatomical bases, will assist in developing efficient propagation systems for establishing clonal plantations.
Experimental Section

Stock Plant and Cutting Production
Six clones of C. torelliana × C. citriodora subsp. variegata with varying rooting capacity were selected from our previous micropropagation and stock plant studies [14, 29, 30] . Briefly, the clones were produced by germinating seeds of a full-sibling family (1CT2-013 × 1CV2-109) in vitro and proliferating shoots in media containing half-or full-strength Murashige and Skoog medium [14, 29] . Shoots were converted into plantlets after 18 months, and these were maintained as ex vitro stock plants in 1.6-L pots for 9 months by pruning at a height of ~30 cm. Fresh rooted cuttings were then produced from the ex vitro stock plants and these were raised as nursery stock plants in 1.6-L pots for a further 9 months [30] . The stock plants of each clone were then divided into two treatments by pruning at one of two different heights: "Tall" (pruned at ~30 cm) or "Short" (pruned at ~15 cm). The experiment comprised eight stock plants per treatment per clone, spaced at 26 plants per m 2 on a glasshouse bench at the University of the Sunshine Coast, Australia (26°43′01″ S 153°03′44″ E). The potting mixture was the eucalypt seedling mix described previously [22, 23] . Each stock plant received a weekly application of 150 mL of Flowfeed BM7 foliar fertilizer (Growforce, Acacia Ridge, Australia) at a rate of 10 g fertilizer L −1 .
Cuttings were harvested from each stock plant on 12 occasions over the following 6 months. Three-node cuttings were prepared by removing the shoot apex, dissecting the shoot into cuttings of 3-5 cm length, and pruning 50% of the length of each leaf from each cutting. The cuttings were not treated with auxin. The cuttings were set in 70 mL plastic Hyco tubes containing a 75/25 (v/v) mixture of perlite and shredded pine bark, supplemented with 3 kg of 8-9 month slow-release Osmocote TM fertilizer and 1 kg of gypsum per m 3 [22, 23] . The cuttings were placed in a translucent white polyethylene chamber and misted for 10 s every 10 min from 0600-1800 h. The cuttings remained under mist irrigation for up to 60 days, depending on the season. Cuttings from harvest 2 (setting 1: "S1", 10 July 2012) and harvest 12 (setting 2: "S2", 20 December 2012) were used to assess root protrusion from the propagation tubes, percentage of cuttings that formed roots, and the growth of rooted cuttings. The percentage of tubes with protruding roots was recorded every 4 days from 36-60 days post-setting in S1 and from 16-36 days post-setting in S2. The percentage of cuttings with roots, as well as the root dry mass, shoot dry mass, root:shoot ratio and height of rooted cuttings, were measured at 60 days post-setting in S1 and 40 days post-setting in S2. The number of cuttings produced per stock plant (stock plant productivity) was recorded at each of the 12 harvests and converted into cutting production per m 2 per month for comparison with other studies. Plant multiplication rate for S1 and S2 was determined by multiplying stock plant productivity × the percentage of cuttings that formed roots.
Hormone Analyses
A sample of cuttings of the same morphology was harvested concurrently in both S1 and S2 for hormone analysis. Three replicates of four cuttings per clone were snap-frozen in liquid nitrogen and then freeze dried for 36 h prior to storage at −80 °C . Plant material was then ground to a powder using a Mixer Mill MM200 tissue homogenizer (Retsch, Haan, Germany) and weighed into a 5 mL vial. Extraction and purification was adapted from a previous method [31] . Ground material was suspended in 70% (v/v) methanol (15 mL· g −1 ) with 0.1 mg· L −1 butylated hydroxytoluene (BHT). Then, 10 µL of 10 −5 mol per 10 mL IAA D7 (indole-2,4,5,6,7-d5-3-acetic-2,2-d2 acid) (Sigma-Aldrich, Sydney, Australia) was added as a deuterated internal standard to a final quantity of 10 −8 mol to corroborate chromatographic retention times and quantification. The vials were flushed with N2 gas and stored overnight at 4 °C. The supernatant was transferred into a test tube, centrifuged for 5 min, transferred to a 25 mL round bottom flask and evaporated under vacuum to an aqueous residue. The solution pH was adjusted to 8-9 with 0.5 M sodium hydroxide and the water layer was extracted twice with 1 mL ethyl acetate. The pH was readjusted to 2.5 with 0.5 M hydrochloric acid, and the solution was partitioned three times into 1 mL diethyl ether with 0.1 mg· mL −1 BHT, passed through anhydrous sodium sulfate, and evaporated under N2 gas to dryness. The residue was dissolved in 300 µL dichloromethane, 15 µL of derivatising agent [N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide, with 1% TBDMSCl] (Sigma-Aldrich, Sydney, Australia) was added, and the sample was stored for 1 h at 65 °C. The sample was analyzed by GC-MS (Clarus 580 and Clarus SQ8S, Perkin Elmer) and the hormone concentrations calculated in ng· g −1 dry mass. The compound signals were monitored at m/z 239, 232
and 190 with retention times around 14.47, 14.55 and 19.57 min for IAA D7, natural IAA and ABA, respectively. Peak identification was based on retention time and mass spectra. Spiking of the sample with the standard solution of IAA D7 was used to determine the peak area ratio for each hormone and to calculate the natural hormone concentrations in the samples.
Stem Anatomy
An additional sample of cuttings of the same morphology was harvested concurrently in both S1 and S2 for anatomical observation. The cuttings were processed using a method adapted from our previous research [32] . Transverse stem sections of 5 mm length were collected from the base of cuttings, fixed in a solution of 3% glutaraldehyde and 0.1 M phosphate buffer, and stored at 4 °C. The samples were then washed in 0.1 M phosphate buffer and processed under vacuum in a Shandon Excelsior ES Tissue Processor (Thermo Electron Corp., Marietta, OH, USA). Dehydration in alcohol was in six stages of 1 h each, followed by clearing in xylene in three 1-h stages, and infiltration with wax for 2 h. The samples were transverse sectioned at 8 µm using a UYD-335 Automated Microtome (ProSciTech, Thuringowa, Australia), stained with safranin and fast green [33] , and mounted with Permount medium (ProSciTech). Sections were examined with an Eclipse E200 light microscope (Nikon, Sydney, Australia).
Experimental Design and Statistical Analyses
Ten cuttings were allocated randomly to each of five replicates per treatment per clone in both settings (S1 and S2). Data were analyzed by 1-way ANOVA within treatments and t-test within clones because extensive interactions between clone and treatment were detected by 2-way ANOVA. Protruding roots and dry mass data were log transformed and rooting data was square root-log transformed when variance was heterogeneous. Post-hoc Tukey's Honestly Significant Difference (HSD) tests were performed only when significant differences (p < 0.05) among clones were detected by ANOVA. Pearson's correlations were also calculated between all variables in each setting.
Results
Cuttings from short stock plants often had faster root protrusion from the propagation tubes than cuttings from tall stock plants (Table 1) . Cuttings from short stock plants also often produced adventitious roots at a higher frequency than cuttings from tall stock plants (Table 2) . Mean rooting percentages (across all clones) from short stock plants (53.3% and 52.3% for S1 and S2, respectively) were higher than from tall stock plants (30.0% and 30.5% for S1 and S2, respectively) ( Table 2 ). Pruning stock plants at the low height accelerated root protrusion and increased rooting percentages in low-, medium-, and high-rooting clones (Tables 1 and 2 ). The correlations between root protrusion and final rooting percentage were significant (p < 0.05) at all evaluation times in both settings; i.e., from 36-60 days and from 16-36 days post-setting in S1 and S2, respectively. In most cases, the pruning height of stock plants did not affect the shoot dry mass, root dry mass or height of rooted cuttings (data not presented). However, short stock plants of clone 29 produced rooted cuttings with higher root dry mass than did tall stock plants in S1, short stock plants of clones 29, 163 and 160 produced rooted cuttings with higher shoot dry mass than did tall stock plants in S1, and short stock plants of clone 83 produced taller rooted cuttings than did tall stock plants in S2. The pruning height of stock plants generally did not affect the root:shoot ratio (RSR) of rooted cuttings, although cuttings from short stock plants of clones 29 and 160 in S1 had lower RSR than cuttings from tall stock plants (Table 3) . · month −1 depending on the clone, pruning height and harvest time, with productivity increasing across the six-month experimental period (Table 4) .
Short stock plants of clones 163, 156 and 67 had lower productivity than tall stock plants, whereas short stock plants of clone 160 had higher productivity than tall stock plants, at several harvest times (Table 4) . Short stock plants of clones 29 and 83 sometimes had lower or higher productivity than tall stock plants, depending on the harvest time. Stock plant productivity was correlated (p < 0.05) with ABA concentration at the second harvest time (i.e., S1) and with IAA concentration at the twelfth harvest time (i.e., S2), but it was not correlated significantly with other variables. Multiplication rate (i.e., stock plant productivity × rooting percentage) generally did not differ significantly between short and tall stock plants (Table 5 ). However, short stock plants of clone 29 provided a higher multiplication rate than tall stock plants in S1, and short stock plants of clone 160 provided a higher multiplication rate than tall stock plants in both S1 and S2. Multiplication rates ranged from 15-246 rooted cuttings m −2 · month −1 in S1 and from 106-885 rooted cuttings m −2 · month −1 in S2, depending on the clone. Multiplication rate was correlated (p < 0.05) with ABA concentration at the second harvest time (i.e., S1), with root dry mass at the twelfth harvest time (i.e., S2) and with root protrusion at both harvest times (S1 and S2), but it was not correlated significantly with other variables. The pruning height of stock plants often affected the IAA or ABA concentration of C. torelliana × C. citriodora cuttings, although the effects varied between clones and settings (Table 6 ). Cuttings from short stock plants of clones 29 and 83 had lower IAA concentrations than cuttings from tall stock plants in S1, whereas cuttings from short stock plants of clones 163, 83 and 156 had higher IAA concentrations than cuttings from tall stock plants in S2. Mean IAA concentrations ranged from 331-771 ng· g −1 dry mass in S1 and from 224-445 ng· g −1 dry mass in S2. Cuttings from short stock plants of clones 83 and 67 in S1 and clone 67 in S2 had lower ABA concentrations than cuttings from tall stock plants, whereas cuttings from short stock plants of clone 160 in S1 and clones 163 and 156 in S2 had higher ABA concentrations than cuttings from tall stock plants. Mean ABA concentrations ranged from 88-345 ng· g −1 dry mass in S1 and from 99-329 ng· g −1 dry mass in S2 (Table 6 ). IAA and ABA concentrations were correlated significantly (p < 0.05) with each other in S1 but not in S2. Rooting characteristics and endogenous hormone concentrations were not correlated with each other in either setting (S1 or S2). The stems of cuttings from short and tall C. torelliana × C. citriodora stock plants exhibited similar anatomy, irrespective of the clone and setting. Stems had a central pith region, surrounded by vascular tissue containing internal phloem, xylem, cambium and external phloem arranged in a circular pattern. This was surrounded by the cortical tissue and epidermis (Figure 1 
Discussion
Maintaining stock plants of C. torelliana × C. citriodora at the lower height of 15 cm sometimes reduced the production of stem cuttings but it very often increased the ensuing percentage of cuttings that formed roots. As a result, short stock plants had a similar or higher multiplication rate than tall stock plants. Mean rooting percentages for cuttings from the tall stock plants (30%) were comparable to those from nursery stock plants of C. torelliana × C. citriodora that were pruned at the same height (30 cm) in previous studies; i.e., 30% [32] , 31% [30] , 34% [34] and 46% [21] . In contrast, mean rooting percentages for cuttings from the short stock plants (53%) were closer to those from cuttings harvested directly from 10-node seedlings (61%) [20] . Clonal storage under minimal-growth conditions at 14 °C (when compared with conventional nursery archiving) also increases, from 31%-47%, the subsequent rooting frequency of cuttings from C. torelliana × C. citriodora stock plants [30] . These results indicate that maintaining stock plants at the lower height of 15 cm increased rooting by reducing the maturation of C. torelliana × C. citriodora shoots.
Gradients in maturation within plants strongly influence propagation capacity in several species [14, 35] , with different cutting positions affecting the shoot morphology, rooting ability, and subsequent growth of rooted cuttings [13, [35] [36] [37] [38] . Rooting ability of cuttings generally decreases from the basal to the apical part of trees [9, 10, [39] [40] [41] . Small differences in shoot position (i.e., ~15 cm), due to the different stock plant heights in the current study, affected both the speed of root protrusion from propagation tubes and the percentage of cuttings that forms roots. Root protrusion was used primarily to assess the rooting vigor of cuttings although it has also been used as a convenient and reliable predictor of final rooting percentages [27] . The consistent correlations between root protrusion at all assessment dates and the final rooting percentage support the use of root protrusion as a forecasting tool in the production of C. torelliana × C. citriodora rooted cuttings. In most cases, the positive effects of a lower stock plant height on root protrusion were not reflected in differences in the root dry mass, shoot dry mass or height of rooted cuttings. However, shorter stock plants did, occasionally, produce larger rooted cuttings than taller stock plants. This supports the conclusion that maturation can increase with increasing distance from the base of the plant and that maturation can affect the growth of rooted cuttings [4, 7, 42, 43] .
Maturation and topophysic effects have often been attributed to gradients in cellular activity, lignification, sclerification, or the concentrations of plant hormones or assimilates along the stem axis [9, 44] . The effects on root formation in the current study were not the result of differences in IAA or ABA concentrations of cuttings from the stock plants of different heights. Endogenous auxin levels are often pivotal in the rooting process of plants [16, [45] [46] [47] but rooting potential and cutting vigor were not correlated with IAA or ABA concentrations of C. torelliana × C. citriodora cuttings. These results accord with findings from other woody plants including Castanea sativa Mill., Syringa vulgaris L., Prunus persica L., P. cerasus L. × P. canescens Bois and Eucalyptus globulus Labill. [48] [49] [50] . They are also similar to recent results from the 10-node seedlings of C. torelliana × C. citriodora, where varying rooting capacity among the nodes was poorly related to differences in IAA or ABA concentrations [20] . Tissue response to auxin may be regulated by other factors such as the sensitivity of cells to the auxin signal and the concentration of rooting inhibitors in the base of cuttings [48, 51] .
Differences in the rooting capacity of C. torelliana × C. citriodora cuttings in the current study were not associated with differences in stem anatomy. Sclerenchyma often forms outside the site of adventitious root formation as the stem develops [33, 44] , and rooting capacity sometimes declines as the continuity or number of cell layers of this sclerenchyma ring increases [52] [53] [54] . The rooting capacity of cuttings from 10-node seedlings of C. torelliana × C. citriodora is related to tissue lignification and sclerification, with cuttings from the lower-capacity basal nodes being more lignified and sclerified than cuttings from the higher-capacity apical nodes [20] . In the present study, however, cuttings that arose from the pruned C. torelliana × C. citriodora stock plants of different heights shared similar levels of lignification and displayed very little sclerification. This demonstrates that regular pruning (at approximately fortnightly intervals in this study) provided fresh shoots with suitable morphology for adventitious root formation.
The effectiveness of continuous pruning in maintaining the juvenility of stock plants has varied among previous studies, most of which have been conducted on conifer species. Juvenility can often be maintained in continuously pruned hedges [11, 55, 56] while, in other cases, long-term pruning does little to alleviate maturation [11, 57] and rooting declines with increasing stock plant age [58] [59] [60] . Very few studies have evaluated the effectiveness of continuous pruning in maintaining the juvenility of hardwood species [6, 30] . Shoot production, adventitious rooting capacity and root vigor are considered markers of juvenility [7, 8, 28, 41, 46, [61] [62] [63] [64] , and our results suggest that juvenility is maintained over a six-month period by continuous pruning of C. torelliana × C. citriodora stock plants at 15-cm height.
The ability to increase the production of stem cuttings across sequential harvests from 15-cm or 30-cm stock plants indicates that this type of intensive nursery system can maintain adequate plant condition for shoot production. The low initial productivity (seen in the first three collections) is common and may be related to adaptation of the ramet to the stock plant management system [61, 62] and to seasonal effects on shoot production [22, 23, 28, 65, 66] . Stock plant productivity is also dependent on the growing system which, in the case of commercial Eucalyptus propagation, is often semi-hydroponic [1] . The same growing system as the present study (i.e., pots and potting mix) has been used previously for C. citriodora stock plants [22] , achieving similar stock plant productivity once allowances for differences in stock plant density are considered. The calculation of multiplication rates is important to verify the effectiveness of the adopted cloning system, combining both stem cutting production and rooting percentage to determine overall productivity. Lower pruning tended to provide fewer stem cuttings but higher rooting percentages and, consequently, there was a balance-or sometimes an increase-in the multiplication rate. The lower pruning system also has advantages in reducing the amount of labor and nursery space required for producing rooted cuttings, thus lowering production costs [1] .
Conclusions
Maturation effects were evident in the management of C. torelliana × C. citriodora stock plants, with a relatively small difference of 15 cm in plant height having significant effects on the rooting potential and vigour of cuttings. These effects were not related to the endogenous IAA and ABA concentrations of cuttings, nor were they related to differences in the degree of lignification or sclerification of cuttings. Regular pruning of stock plants maintained vegetative propagation ability in this hybrid for a duration similar to that of large-scale eucalypt nurseries that utilize a virtual clonal hedge production system [2] . The amenability of C. torelliana × C. citriodora to cutting propagation has been an impediment to its establishment in clonal plantations, partly because commercial nurseries prefer to propagate cuttings that provide at least 70% rooting [12, 67] . This and previous studies [14, 20, 29, 30, 68] demonstrate that effective maintenance of stock plant juvenility will be critical in allowing large-scale establishment of this eucalypt hybrid in clonal plantations.
